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1. 
DITRODUCTION 
An investigation of the liquid-liquid extraction of 
uranium with trioctylphosphine oxide using hydroxyethyl-
ethylenediaminetriacetic aciQ as masking agent is given in 
this thesis. Attempts were also made to use triphenylphosphine 
sulfide as an extractant. 
Solvent extraction has been widely used recently(!$) 
for the separation of metals especially in trace analytical 
procedures. It has the advantages of being easily performed 
and of having less contamination than other methods of 
separation such as precipitation. The following solutions for 
the extraction of uranium have been well established: 
i) ethereal cupferron in the presence of zinc amalgam(5), 
ii) dibenzoylmethane in ethylacetate(21), iii) trioctylamine 
in kerosene(4), iv) acetylacetone in the presence of 
ethylenedinitrilotetraacetate(l2), and v) trialkylphosphine 
oxides. 
The use of trialkylphosphine oxides as extractants 
was initiated a decade ago. The work done in this field 
has been reviewed by Blake, Brown and Coleman(J). It has 
been shown that most of the compounds of this type have high 
affinity for uranium, and excellent extractions have been 
obtained from nitrate and chloride solutions, and also from 
sulfate solutions under proper conditions. For straight 
chain trialkylphosphine oxides similar extraction coefficients 
were obtained with the n-octyl, n-decyl and n-dodecyl 
compounds. In the case of trioctylphosphine oxide, the 
extraction coefficient for uranium was found to be 310 in 
O.lM nitric acid medium extracted with O.lM trioctylphosphine 
oxide in carbon tetrachloride. A value of 1250 was obtained 
for the same medium with kerosene solution. The combination 
ratio of phosphine oxide and uranium has been proved to be 
equal to 2 and the formula for the uranyl chloride complex 
has been shown to be (R3POJ2U02Cl 2;similarly the formula for 
the nitrate is expected to be (R3P0)2U02(N03)2• This is in 
good agreement with the formulae that Pickard and Kenyon(20) 
suggested in 1906 for the solid compounds formed from certain 
metal salts and acids with tertiary phosphine oxides. Recent 
papers by White and coworkers give qualitative information 
on the extraction of most elements with this type of re-
agent(24,25) and quantitative information concerning the 
extraction of titanium(26), chromium(l4) and uranium($) 
2. 
with trioctylphosphine oxide. Trioctylphosphine oxide can be 
used to extract uranium quantitatively from 0.5M to 7M 
hydrochloric or nitric acids without the addition of salting 
agents. When 1 or 7M nitric acid is used, other elements which 
have been found to be extracted partially or completely, using 
trioctylphosphine oxide in cyclohexane, are gold, chromium(VI), 
hafnium(IV), molybdenum(VI), antimony(III), tin(II,IV), 
thorium(IV), titanium(IV), vanadium(V), zirconium(IV), and 
bismuth(III) in trace amounts. 
In order to increase the selectivity of solvent 
extraction of metal ions certain chelating agents have been 
used(l,l5) which hold back the interfering metals by the 
formation of water soluble chelate compounds. These metals 
are said to be "masked" by the complexing agent. Krishen and 
Freiser(l2) have used ethylenedinitrilotetraacetic acid as 
J. 
a masking agent for the separation of uranium and bismuth by 
extraction with acetylacetone. Uranium can be extracted under 
this condition in the presence of as much as a 5000-fold 
excess of bismuth; however the amount of bismuth is limited 
by the low solubility of disodium ethylenedinitrilotetraacetate 
which must be present in a thirty-fold excess. Heyn and 
Banerjee(6) have found that uranium can be completely separated 
from a 20,000-fold excess-~ID'f bismuth using O.lM tris(2-ethyl-
hexyl)phosphine oxide in cyclohexane, if the extraction is 
carried out at pH 5.0 in the presence of 1,2-cyclohexylene-
dinitrilotetraacetic acid. This chelating agent has been 
shown(22,2J) to form chelates which have greater stability 
constants than those formed with ethylenedinitrilotetraacetic 
acid. In the case of calcium, the stability constant for 
/2·:; 
calcium-1,2-cyclohexylenedinitrilotetraacetic acid is 10 , 
while that for calcium-ethylenedinitrilotetraacetic acid 
tO-~ is 10 • 
The purpose of the present work was to investigate 
the selectivity of new chelating agent of a similar type, 
namely hydroxyethylethylenediaminetriacetic acid( trade name: 
Chel DM acid, Geigy Chemical Corporation). It has been found 
that uranium(VI) can be extracted quantitatively from an 
aqueous solution at pH 1.0 using O.lM trioctylphosphine oxide 
in cyclohexane. The metals that have been shown to interfere 
with the extraction at various levels are cerium(III), lead(II), 
thorium(IV), and zirconium(IV). 
Methods used for the determination of uranium have been 
widely studied. In general it is advisable to analyze the 
uranium content in the organic phase directly to decrease 
errors involved in stripping the uranium back into an aqueous 
phase. A spectrophotometric method of measuring the absorbance 
of the uranium complexes in the UV range has been suggested 
by Paige, Elliott and Rein(l9). It was also used in the 
determination of uranium by the extraction of uranium with 
tris-(2-ethylhexYl)phosphine oxide(?), 250 ~being chosen 
as the working wavelength. Horton and White($) have developed 
a rapid colorimetric method for the determination of uranium 
by the addition of dibenzoylmethane and pyridine in ethyl 
alcohol to an aliquot of the organic extract; a yellow complex 
is formed and the concentration of uranium can be determined 
by measuring the absorption at wave length 405 ~1 or 416 mf• 
The above method was used for the determination of uranium in 
the work reported in this thesis. 
Analogous to trialkylphosphine oxides, trialkylphosphine 
sulfides have been also investigated by the author. The methods 
for preparing tertiary phosphine oxides or sulfides have been 
reviewed by Kosolapoff(ll) and recently by Berlin and Butler(2). 
Two methods have been found to be most practical: i) by 
the addition of sulfur to the tertiary phosphines(l6,17) which 
can be prepared from the reaction of phosphorus halides with 
a Grignard reagent(l~), and ii) by the reaction of phosphorus 
sulfides with Grignard reagents(lJ). Both of the above methods 
were used in this laboratory in an attempt to prepare tri-
octylphosphine sulfide. Unfortunately the yields of these 
preparations were negligible. However triphenylphosphine 
sulfide has been prepared by the addition method described 
above(l7). This compound is soluble in chloroform. Solutions 
of triphenylphosphine sulfide were made and used in the 
extraction of uranium as well as other metals. 
EXPERIMENTAL 
Apparatus: 
A Beckman Model N pH meter was used for all pH 
measurements. 
A Beckman Model DU spectrophotometer was used for the 
colorimetric analyses. Matched 1-cm silica cells were used 
for this purpose. 
An International Equipment CQ. centrifuge, size 1, 
Model SBV, was used for separating the organic phase from 
the aqueous phase. Graduated centrifuge tubes with ground 
glass stoppers were used for separation purposes. 
Reagents: 
Trioctylphosphine oxide solution: A O.lOOM trioctylphosphine 
oxide solution was prepared by dissolving 9.o6 grams of 
Eastman trioctylphosphine oxide in Eastman spectrograde 
cyclohexane and making the total volume up to 250 ml. 
Triphenylphosphine sulfide: The method of preparation of 
triphenylphosphine sulfide was based on the method given by 
Michaelis(l7). 
9.5 grams of triphenyl phosphine was dissolved in 
6. 
25 ml. of carbon disulfide, and a solution containing 1.4 grams 
of elementary sulfur in 20 ml. of carbon disulfide was then 
added. The mixture was stirred and heated gently for one 
hour. The crystaDane compound, obtained after the evaporation 
of the solvent, was recrystalazed twice with ethyl alcohol. 
The yield obtained was 70% of the theoretical yield. {m.p. 
159°-160°). 
A 0.0500lvl triphenylphosphine sulfide solution was 
prepared by dissolving 3.71 grams of triphenylphosphine 
sulfide in Eastman spectrograde chloroform and making the 
total volume to 250 ml. 
Uranium solutions: A standard solution containing 10 mg. of 
uranium per ml. was prepared by dissolving a weighed quantity 
of uranyl nitrate UOz(N03) 2•6H20 in distilled water and 
diluting to the required volume. 
Solutions of greater dilution were made from the 
stock solution as required. 
The uranium content was determined gravimetrically by 
weighing as u3og. 
Solutions of other metal ions: Stock solutions of concentration 
1 mg. per ml. were made containing the following metal ions: 
aluminium{III), barium{II), bismuth{III), cadmium{II), 
. - . ,. 
cerium{III), chromium{III), cobalt(II), copper(II), iron{II), 
,. ~ ; ' 
iron{III), lead{II), magnesium{II), manganese{II), nickel(II), 
- - ' 
potassium(I), silver(I), sodium(I), thorium{IV), zinc{II), 
' 
and zirconium(IV). The compounds used were the nitrates of 
the metal ions except in the case of iron(II), when the sulfate 
was used. The reagents were C.P. grade or met the A.C.S. 
reagent grade specification9 
Solutions of greater dilution were made from these 
stock solutions. 
General procedure: 
The extraction of uranium with trioc~ylphosphine oxide 
solutions in the presence of hydroxyethylethylenediaminetri-
acetic acid was carried out as follows: Aqueous solutions 
containing 0.05 mg. per ml. or 0.005 mg. per ml. of uranium 
and also 0.5 grams of Chel DM acid were adjusted to certain 
pH values with concentrated nitric acid or sodium hydroxide. 
The solutions were transfered to the centrifuge tubes and 
10 ml. of trioctylphosphine oxide solution was then added. 
The mixture was shaken for 5 minutes and the two phases 
separated by centrifugation. 
a. 
The method used for the determination of the concentration 
of uranium in the organic phase was based on the method given 
by Horton and White(8). A 3 ml. aliquot of the organic phase 
was pipetted into a 25 ml. volumetric flask. 2~ ml. of pyridine 
and 5 ml. of 1% dibenzoyl-methane in absolute alcohol were 
then added and the solution was diluted to the mark with 95% 
ethyl alcohol. Absorbances at wave lengths 405 ~ and 416 ~ 
were measured. 
When triphenylphosphine sulfide was used as an extractant 
the following procedure was used. 
A solution containing 0.08 mg. per ml. of uranium and 
6M sodium nitrate was adjusted to certain pH values. 10 ml. 
aliquot of this solution was shaken with 10 ml. of triphenyl-
phosphine sulfide solution in a separating funnel for 5 min~tes. 
After standing for at least 15 minutes the organic phase was 
separated from the aqueous phase and was used for the analysis 
of the uranium content by the colorimetric method with di~ 
benzoylmethane. The results obtained indicated that the above 
reagent was not suitable for the extraction of uranium. 
Effect of pH: 
Two series of solutions of uranium were made, one of 
concentration of 0.05 mg. per ml., another of 0.005 mg. per 
ml •• Each series consisted of solutions of the above 
concentrations but of different acidity. The pH values were 
adjusted in the range from 0 to 8 at one or half unit 
intervals. Blank solutions of various pH were also made. The 
extractions were performed by using 10 ml. of the solutions 
with 10 ml. of O.lM trioctylphosphine oxide solution. The 
absorption of the uranium solution in the organic phase was 
measured after the formation of the yellow colored complex 
with dibenzoylmethane. The results obtained are given in 
Table 1. The data were plotted as shown in Figures 1 and 2. 
The curves show that the extraction is most effective in the 
pH range from 0.5 to 1.5; therefore pH 1.0 has been chosen 
as the working acidity for the extractions. 
10. 
Table 1. Absorbance of Uranium Extracts 
as a Function of pH 
Concentration afuranium Absorbance Absorbance 
in the a,queous solution .. pH at 405 ny.t at 416 mp 
0.05 mg. per ml. o.o 0.444 0.326 
" 0.3 0.456 0.346 
~ 
" 
1.0 0.466 0.348 
' 
" 
1.5 0.464 0.342 
' 
" 
2.0 0.446 0.339 
' ,, 3.0 0.209 0.153 
" 4.0 0.128 0.092 
' 
" 5.0 0.115 0.085 
' 
" 
6.0 0.275 0.202 
' 
" 
7.0 0.389 0.294 
' 
" 
8.0 0.345 0.260 
' 
0.005 mg. per ml. o.o 0.045 0.031 
" 
1.0 0.054 0.047 
" 1.5 0.049 0.037 
., 
" 
2.0 0.034 0.024 
' 
" 3.0 0.026 0.019 
' 
" 4.0 0.022 0.018 
' 
II 5.0 0.013 0.004 
' 
" 
6.0 0.037 0.034 
' 
" 7.0 0.050 0.042 
' 
" 
s.o 0.032 0.029 
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lJ. 
Effect of uranium concentration 
A series of aqueous solutions of uranium with the 
concentrations ranging from o.oo; mg. per ml. to o.o; mg. per 
ml. was extracted with equal volumes of O.lM trioctylphosphine 
oxide solutions. The data for the extraction are given in 
Table 2 and shown as an extraction isotherm on Figure J, 
A standard solution of uranium was made from O.J ml. 
of 0.5 mg. per ml. or uranium aqueous solution, 5.7 ml. of 
absolute alcohol, J ml. of trioctylphosphine oxide solution, 
2.5 ml. of pyridine and 5 ml. of 1% dibenzoylmethane in 
absolute alcohol. The required amount of 95% ethyl alcohol 
was then added to yield 25 ml. of solution. This solution 
contained the same quantities of uranium-dibenzoylmethane 
complex and other reagents or solvent as in the color 
developing process presuming that uranium of the concentration 
of 0.05 mg. per ml. in the aqueous solution was completely 
extracted into the organic phase. The absorbance of the above 
solution was found to be 0.002 units different from that of 
the uranium extract in the organic phase when an aqueous 
solution of 0.05 mg. per ml. of uranium was extracted with 
O.lM tri0ctylphosphine oxide in the presence of Chel DM acid 
at pH 1.0 • 
14. 
Table 2. Absorbance of Ur·anium Extracts 
as a Function of Uranium 
Concentration at pH 1.0 
Concentration of uranium Absorbance Absorbance 
in the aqueous solution at 405 uy« at 416 mp.-
"" 0.005 mg. per ml. 0.054 0.047 
0.010 It 0.108 0.081 
0.015 It 0.145 0.107 
0.020 It 0.213 0.160 
0.025 
" 
0.250 0.183 
' 
0.030 II 0.307 0.218 
0.035 
" 
0.338 0.248 
"' 0.040 II 0.390 0.288 
' 
0.045 
" 
0.441 0.321 
0.050 0.466 0.348 
15. 
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16. 
Effect of foreign metal ions 
An interference study at a_ uranium concentration level 
of 0.050 mg. per ml. was made to find the tolerance level of 
various diverse ions of 0.500, 0.050 and 0.005 mg. per ml. 
concentrations. The solutions were extracted with O.lM tri-
octylphosphine oxide solution in the presence of Chel DM acid. 
The concentrations of uranium in the organic phase were 
determined by the method described previously using dibenzoyl-
methane. The results obtained are given in Table J. Since 
the concentrations of the diverse ions studied here were only 
made up to 0.500 mg. per ml., the maximum permissible 
concentration of those ions for which the tolerance level is 
given as 0.500 mg. per ml. may actually be much higher than 
that number. 
Table J. Tolerance level of various ions 
Ion Tolerance( mg. per ml.) 
Aluminium( III) 0.500 
Barium(II) 0.500 
Bismuth(III) 0.500 
Cadmium( II) 0.500 
Cerium(III) 0.005 
Chromium(III) 0.500 
Cobalt(II) 0.500 
-
Copper( II) 0.500 
Iron(II) 0.500 
-
Iron(III) 0.500 
Lead(II) 0.050 
-
Magnesium( II) 0.500 
Manganese(II) 0.500 
Nickel(II) 0.500 
Potassium( I) 0.500 
Silver( I) 0.500 
Sodium(I) 0.500 
Thorium( IV) 0.005 
Zinc(II) 0.500 
Zirconium( IV) 0.050 
18. 
Extraction of metal ions with triphenylphosphine sulfide 
A solution of chromium(VI) containing 0.1 mg. per ml. 
of chromium was made by dissolving the required amount of 
potassium dichromate in distilled water. A series of chromium 
solutions of various concentrations were adjusted to a 
sulfuric acid concentration of one molar and extracted with 
10 ml. of o.05M triphenylphosphine sulfide in chloroform. 
The chromium content was analyzed by the colorimetric method 
given by Mann and White(!~), in which 0.25% diphenylcarbazide 
in absolute alcohol was used as a color developing agent. 
The absorbances at the wave length 55~ ~ were measured. There 
was no indication of chromium in the extract. 
Bismuth(III) solutions of the concentration of 0.1 mg. 
per ml. of various pH were made and extracted with the 
triphenylphosphine sulfide solutions. Dithizone was used as 
a complexing agent to form a colored complex with bismuth 
and thus the concentration of bismuth could be determined by 
measuring the absorbances at wave length 505 ~(9), The 
results showed that bismuth can not be extracted by tri-
phenylphosphine sulfide. 
Other metals that have been tested include copper(II), 
zinc(II), tin(II), mercury(II), magnesium(II), aluminium(III), 
nickel(II) and manganese(VII). The extractions for the above 
metals were carried out qualitatively, The results obtained 
indicated that triphenylphosphine sulfide was not a suitable 
extracting agent for the above metals. 
DISCUSSION 
Trioctylphosphine oxide forms a chelate with uranyl 
nitrate which dissolves in cyclohexane. The formula of the 
chelate is believed to be r(CgH17lJ~l2U02(NOJ)2. The 
extraction of uranium by the recommended procedure is 
quantitative; since the uranium in the organic phase, compared 
with the calibration solution containing the theoretical 
amount of uranium, shows a deviation of only 0.4%.(cf. Fig. J) 
The extraction ratio of this procedure is calculated to be 
234 which is listed in Table 4 as compared with some other 
values cited in the literature under different conditions. 
There are two maxima on the curve obtained by plotting 
the absorbance of uranium extracts versus pH of the solutions. 
The first one can be explained by the fact that the uranium-
trioctylphosphine oxide complex is usually more stable at a 
lower pH. (J) As more sodium hydroxide is added, the concentration 
of the sodium salt of hydroxyethylethylenediaminetriacetic 
acid increases and plays the role of a salting-out agent which 
could increase the extraction of uranium. However, at high 
pH the hydrolysis of the uranyl ion becomes significant and 
thus the concentration of uranium extracted decreases. 
20. 
Table 4· Trioctylphosphine oxide-uranium extraction 
coefficients at various conditions 
Initial cone. Cone. of Solvent Phase Other ions pH Extraction 
of U(VI) in TOPO in used ratio or reagents coeff'icient 
aq. phase org. phase (V'l(v""f ! present 
O.OOZM O.lM cycle- 1 hydroxyethyl- 1.0 243 
hexane ethylenedi-
aminetriacetic 
acid 
0.004M(3) O.Ul CC14 2 0.1M NOj, 1.0 310 SO* 4 
o.004M(3) O.lM kerosene 2 0.1M NOj, 1.0 1250 
so= 4 
0.004M(3) o.lM CC14 1 soz:, NOj 1.1 20 
o.004M(3) O.lM kerosene 1 so4, NO-3 1.1 110 
0.004M(3) O.lM CC14 1 P04, NOj 1.2 2.4 
0.252M(8) o.o5M cyclo- NO- 0.3 100 
hexane 1 3 
0.252M(8) o.012M cycle- 1 NO- 0.3 22 
hexane 3 
The interferences studied in the present work are 
limited to tthose metals that are commonly associated with 
uranium. Cerium(III) and thorium(IV) have a great tendency 
to be extracted with uranium even in the presence of the 
masking agent, zinc and lead have less tendency to be 
extracted with uranium. The other metal ions tested showed 
no interference when present in up to a 10-fold excess. The 
fact that some chelates were formed by the metal ions and 
21. 
the masking agent was shown by the formation of colors in 
the aqueous solutions such as a brown color in the case of 
iron(III). Since the solubility of the masking agent is about 
50 mg. per ml., the diverse ions, if forming a chelate with 
hydroxyethylethylenediaminetriacetic acid at a one to one 
ratio(l$1, could be present at a 1,000-fold excess without 
interfering with the extraction of uranium. Among the metal 
ions not studied, vanadium(V)(J) and titanium(IV)(2G) might 
interfere with the extraction of uranium. 
The phenyl group is a weaker electron repelling group 
than the octyl group; this may be responsible for the small 
polar character of the P~S bond. Another important factor 
which may cause the failure of triphenylphosphine sulfide as 
an extracting agent can be attributed to the steric influence 
of the phenyl group which would hinder the formation of the 
ligand-metal bonds. 
r" 
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ABSTRACT 
The extractio~f uranium with O.lM trioctylphosphine 
oxide in cyclohexane in the presence.of hydroxyethylethylene-
diaminetriacetic acid was shown to be most effective in the 
pH range from 0,5 to 1.5. A pH of 1.0 has been chosen as the 
working level for the extraction. It was found that under the 
above conditions uranium(VI) can be extracted quantitatively. 
The method used for the determination of uranium 
was based on the colorimetric method given by Horton and 
White in which dibenzoylmethane was used to form a colored 
complex in the presence of pyridine as a buffer agent in 
ethyl alco~ol. The absorbances at the wave length 405 ~ 
were measured. 
An interference study at a uranium concentration level 
of 0,050 mg. per ml. was made to find the tolerance level 
Of 
of various diverse ionsA0.500, 0.050 and 0.005 mg. per ml. 
concentrations. The metal ions that were studied were: 
aluminium(III), barium(II), bismuth(III), cadmium(II), 
-
cerium(III), chromium(III), cobalt(II), copper(II), iron(II), 
- -
iron(III), lead(II), magnesium(II), manganese(II), nickel(II), 
potassium(!), silver(I), sodium(!), thorium(IV), zinc(II), 
and zirconium( IV). It .. was found that cerium( III), lead(II), 
thorium(IV) and zirconium(IV) interfered with the extraction 
of uranium under the above conditions. 
Triphenylphosphine sulfide was prepared, as described 
25. 
by Michaelis, by the direct addition of elementary sulfur to 
triphenylphosphine. Attempts were made to use triphenylphosphine 
sulfide as an extractant for the following metal ions: aluminium(III) 
bismuth(III), chromium(VI), copper(II), magnesium(II), man-
ganese(VII), mercury(II), tin(II), and zinc(II). The results 
obtained indicated that triphenylphosphine sulfide did not 
extract the above metals. 
